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"The end is in siteY' said the title of a review on mRNA 3' 
processing that appeared in these pages 10 years ago 
(Birnstiel et al., 1985). Since then, much progress has 
been made, but a complete understanding of the biochem- 
istry of the 3'-processing reaction leading to polyadenyl- 
ated messenger RNAs is still lacking. 
Here, I summarize recent developments in this field, 
with special emphasis on the mechanism of the cleavage/ 
polyadenylation reaction. For reviews of earlier work, see 
Wahle and Keller (1992) and Sachs and Wahle (1993). 
The Mammalian mRNA 3' End-Processing Reaction 
The overall reaction, as studied by reconstitution with puri- 
fied components and synthetic pre-mRNA substrates in 
vitro, can be divided into several distinct steps (Figure 
1). Processing requires sequence elements in the RNA 
upstream and downstream of the site of cleavage and 
poly(A) addition. The upstream element is the essentially 
invariant hexamer signal AAUAAA; the downstream ele- 
ment consists of more diffuse sequences that are gener- 
ally rich in U or in G and U residues. Some pre-mRNAs 
contain, in addition tothese core elements, auxiliary U-rich 
signals, usually located upstream of AAUAAA, which act 
as enhancers in the reaction (reviewed by Proudfoot, 
1991; Wahle, 1995a; Wahle and Keller, 1992). The RNA 
elements serve as nucleation sites for a multicomponent 
complex, the assembly of which precedes the actual 
3'-processing reaction. The reaction proceeds in two main 
steps, which are endonucleolytic cleavage followed by the 
addition of a poly(A) stretch to the upstream cleavage prod- 
uct. The two reactions are usually tightly coupled, and 
cleaved but nonpolyadenylated RNA intermediates do not 
accumulate. However, the reaction steps can be experi- 
mentally uncoupled and assayed separately. Thus, one 
can determine which of the transacting factors are in- 
volved in only one of the two reaction steps and which 
factors are required in both reactions. By fractionation of 
nuclear extracts from HeLa cells or calf thymus homoge- 
nares, six components of the mammalian pre-mRNA 3' 
end-processing apparatus have been separated and par- 
tially or completely purified (Table 1). 
The two key components responsible for the recognition 
of the RNA substrate are the cleavage and polyadenyla- 
tion specificity factor (CPSF) and the cleavage stimulation 
factor (CstF). CPSF consists of three polypeptide subunits 
with molecular weights of 160 kDa, 100 kDa, and 73 kDa. 
A fourth polypeptide of 30 kDa has been found by one 
laboratory (see Wahle and Keller, 1992; Jenny et al., 1994) 
but not by another (Murthy and Manley, 1992). CPSF binds 
specifically to the AAUAAA signal. Contacts with e RNA 
are made with its 160 kDa subunit (and perhaps also via 
the 30 kDa subunit), since these two polypeptides are 
cross-linked by ultraviolet light to the RNA (Jenny et al., 
1994). To date, only the sequence of the 100 kDa subunit 
has been reported (Jenny et al., 1994). The polypeptide 
is unrelated to any other known protein sequence. Cloning 
of cDNAs encoding the other three polypeptides of CPSF 
is in progress in several laboratories, and it will be interest- 
ing to see how CPSF achieves sequence-specific recogn i- 
tion of RNA. 
CstF consists of three polypeptides, of 77 kDa, 64 kDa, 
and 50 kDa, and cDNAs coding for all three have been 
sequenced (Takagaki et al., 1992; Takagaki and Manley, 
1992, 1994). CstF binds to he GU-rich or U-rich down- 
stream elements and contacts the RNA with its 64 kDa 
subunit via a classical ribonucleoprotein (RN P)-type RNA- 
binding domain (MacDonald et al., 1994). The simultan- 
eous presence of CPSF is required for efficient binding 
of CstF, and the interaction of CPSF with the RNA is stabi- 
lized by CstF. This synergistic effect suggests that the two 
factors not only interact with the pre-mRNA substrate but 
also with each other. The 50 kDa subunit of CstF contains 
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Table 1. Mammalian Pre-mRNA 3' End-Processing Components 
Polypeptide 
Composition Reaction 
Component Abbreviation (kDa) Step Involved Properties 
Poly(A) polymerase PAP 82" Cleavage and polyadenylation 
Cleavage and polyadenylation CPSF Cleavage and polyadenylation 
specificity factor 
Cleavage-stimulatory factor 
Catalyzes the synthesis 
of poly(A) 
Binds specifically to 
AAUAAA signal 
Cleavage Binds to downstream 
elements 
160 
100 a 
70 
30 
CstF 77 a 
64 a 
50 ~ 
Cleavage factors CF In, CF I1,1 Not known Cleavage 
Poly(A)-binding protein II PAB II 49 Elongation of poly(A); control Binds to growing poly(A) 
of poly(A) length tail 
To distinguish the mammalian cleavage factors CF I and CF II from yeast components with the same name but probably different functions, 
subscripts m for mammalian and y for yeast are used (see also Table 2). 
• Proteins for which cDNA clones have been reported. References are given in the text. 
transducin repeats similar to those in I~ subunits of G pro- 
teins (Takagaki and Manley, 1992). It is likely, therefore, 
that this subunit contacts one of the subunits of CPSF. 
The 77 kDa subunit of CstF forms a bridge between the 
64 kDa and the 50 kDa subunits (Takagaki and Manley, 
1994). Interestingly, the 77 kDa subunit has sequence ho- 
mology to the protein encoded by the Drosophila gene 
suppressor of forked (su(f)) (Takagaki and Manley, 1994), a 
known modifier of gene expression. Given the suggestion 
that changes in the activity of CstF can regulate the 3'-end 
formation of certain pre-mRNAs (Mann et al., 1993), it is 
possible that su(f) protein also exerts its effect by influenc- 
ing 3' processing (Takagaki and Manley, 1994, and refer- 
ences therein). 
Presumably, the 3'-processing complexes that form 
around the poly(A) sites of pre-mRNAs also contain the 
factors that carry out the endonucleolytic leavage step. 
Two cleavage factors (CF I and CF II) have been separated 
by chromatography (reviewed by Wahle and Keller, 1992), 
but have not yet been purified. Surprisingly, poly(A) poly- 
merase is also required for the cleavage of most pre- 
mRNAs. 
After the cleavage reaction, the downstream cleavage 
fragment is rapidly degraded, both in vivo and in vitro, and 
it is generally assumed that CstF and the cleavage factors 
leave the 3'-processing complex. CPSF and poly(A) poly- 
merase remain bound to the upstream cleavage product 
and carry out the next step in the reaction, the addition 
of a short tract of poly(A) of approximately ten adenosine 
residues (oligoadenylation; Figure 1). Poly(A) polymerase 
by itself has a low affinity to RNA and is unable to recognize 
a pre-mRNA substrate specifically. The enzyme is acti- 
vated and becomes sequence specific by interacting with 
CPSF. This is supported by the finding that the CPSF- 
RNA complex is stabilized by poly(A) polymerase (Bien- 
roth et al., 1993). Poly(A) polymerase is a single polypep- 
tide thought o containseparate domains for RNA binding, 
catalysis, and intracellular localization (Raabe et al., 
1994). The enzyme is highly specific for the polymerization 
of poly(A) from ATP as precursor and requires Mg 2+ ions 
for its activity. After the initial addition of approximately 
ten adenosine residues, a reaction which is slow and dis- 
tributive (Bienroth et al., 1993), the polyadenylation com- 
plex is joined by an additional component, poly(A)-binding 
protein II (PAB II). PAB II is a protein of 50 kDa that binds 
to the oligo(A) tail in the polyadenylation complex (see 
Wahle and Keller, 1992; Figure 1). This causes a rapid 
burst of processive synthesis of a poly(A) tail of approxi- 
mately 250 nt. The burst of elongation requ ires the simulta- 
neous presence of pre-mRNA with a wild-type AAUAAA 
signal, CPSF, poly(A) polymerase, and PAB II (Bienroth 
et al., 1993). Under typical conditions, the rate enhance- 
ment of polyadenylation is 300-fold, from 5 nt/min without 
PAB II to 1500 nt/min in its presence (Wahle, 1995b). The 
quaternary complex of pre-mRNA, CPSF, poly(A) polymer- 
ase, and PAB II is more stable than the ternary complex 
formed in the absence of PAB II (Bienroth et al., 1993). 
This could explain why the complex containing the full 
complement of factors is capable of polymerizing a full- 
length poly(A) tail in a single round of processive synthesis. 
During this rapid phase of elongation, the growing poly(A) 
tail is covered by additional molecules of PAB II (Wahle, 
1995b). Rapid elongation ceases after the initial burst, and 
the synthesis of tails longer than 250 nt is again slow and 
distributive. Thus, the burst of polymerization terminates 
when the poly(A) tails reach a length that corresponds to 
that of newly synthesized tails in vivo. This length control 
can be reproduced with premade poly(A) tails of different 
sizes (Wahle, 1995b). Therefore, the control mechanism 
involves a true measurement of poly(A) tail length. In con- 
trast with the reaction occurring on short poly(A) tracts, 
long tails no longer permit the simultaneous stimulation 
of poly(A) polymerase by CPSF and PAB II. This implies 
that length control is brought about by the interruption 
of the interactions responsible for rapid and processive 
elongation of short tails. These interactions have not yet 
been investigated, but presumably involve protein-protein 
contacts among CPSF, poly(A) polymerase, and PAB II. 
Minireview 
831 
Table 2. Yeast Pre-mRNA 3' End-Processing Components 
Polypeptide 
Composition Reaction 
Component Abbreviation (kDa) Gene Step Involved Properties 
Poly(A) polymerase PAP 64 PAPI Polyadenylation 
Cleavage factor I CF ly 80 RNA14 Cleavage and polyadenylation 
33 RNA 15 
Others? Others? 
Cleavage factor II CF Ily Not known Not known Cleavage 
Polyadenylation factor I PF I 36 FIP1 Polyadenylation 
Others? Others? 
Cleavage-stimulatory factor Ref2p 48 REF2 (nonessential) Cleavage 
Catalyzes ynthesis of 
poly(A) 
Binds to pre-mRNA 
Not known 
Interacts with PAP and 
CF I 
Stimulates cleavage 
reaction 
See Table 1. References are given in the text. 
Also, the molecular mechanism underlying the termination 
of processive elongation is not known. Most likely, the 
polyadenylation complex has a way of sensing the number 
of PAB II molecules it contains (Wahle, 1995b). 
In at least one instance, it has been shown that the poly- 
adenylation reaction can be the target for controlling ene 
expression. Messenger RNA coding for the Ul small nu- 
clear RNP (snRNP) U1A carries a tandem repeat of two 
7 nt sequences that are identical or highly similar to the 
binding site for the U1A protein in the U1 snRNA. The 
two U1A-binding sites are located in the 3'UTR of U1A 
pre-mRNA just upstream of the AAUAAA signal. The pro- 
tein binds to its own pre-mRNA via the two recognition 
elements and thereby inhibits the polyadenylation step of 
the 3'-end formation reaction (Gunderson et al., 1994). 
This inhibition is specific for the homologous poly(A) poly- 
merase and does not occur when yeast poly(A) polymer- 
ase is substituted for the mammalian enzyme. Further- 
more, when recombinant mammalian poly(A) polymerase 
was immobilized and used as an affinity matrix, it specifi- 
cally retained labeled recombinant UIA protein (Gunder- 
son et al., 1994). The interaction with U1A protein as well 
as the inhibition of polyadenylation requires the extreme 
C-terminus of poly(A) polymerase. Thus, the U lA  pro- 
tein controls its own production by an autoregulatory feed- 
back loop. 
In the cell nucleus, transcription, splicing, and 3:end 
formation are coupled processes and influence each 
other. For example, the termination of transcription by 
RNA polymerase II is dependent on the assembly of a 
functional 3'-processing complex on the nascent RNA (see 
Wahle, 1995a; Wahle and Keller, 1992). Coupling of 3' 
processing and transcription termination is thought o pre- 
vent premature termination and thus help to ensure the 
synthesis of full-size pre-mRNAs. The mechanism of 
the coupling of the two reactions is not known. Similarly, 
the removal of the last intron by splicing from a pre-mRNA 
containing multiple intervening sequences depends on the 
presence of a 3'-processing signal downstream. Likewise, 
the efficiency of 3'-end formation is increased by the pres- 
ence of an upstream intron. In an in vitro system with nu- 
clear extract, a 3' splice site is sufficient to stimulate 3' 
processing (reviewed by Wahle, 1995a). According to the 
exon definition model of splicing, the 3Lprocessing signals 
act as the functional equivalent of a downstream 5' splice 
site that in nonterminal introns communicates across the 
exon with the 3' splice site of the upstream intron (Rob- 
berson et al., 1990). The precise mechanism of the cou- 
pling between splicing and 3' processing is not known. The 
Ul snRNP has been proposed to mediate this interaction 
(reviewed by Wahle, 1995a). 
3' Processing of Pre.mRNAs in Yeast 
Experiments with the yeast Saccharomyces cerevisiae 
have indicated that overall, the 3' end-processing reaction 
is similar to that in mammalian cells. However, both the 
sequence motifs in the pre-mRNAs that dictate the reac- 
tion (reviewed by Proudfoot, 1991; Wahle and Keller, 1992; 
Wahle 1995a), as well as the transacting factors character- 
ized so far, differ from their mammalian counterparts. In 
vitro, 3'-end formation can be reproduced in whole-cell 
extracts (Butler et al., 1990). By fractionation of such ex- 
tracts on a Mono Q column and in vitro reconstitution, 
four components have been separated (Chen and Moore, 
1992; see Table 2). Two cleavage factors, CF I and CF 
II, are sufficient for the cleavage reaction. Specific polyad- 
enylation of precleaved substrates requires CF I, poly(A) 
polymerase, and polyadenylation factor I (PF I; note that 
the CF I and CF II factors in yeast are probably unrelated 
to mammalian CF I and CF II; see also Tables 1 and 2). 
Genetic analysis has identified several genes that code 
for 3"processing factors (Table 2). Conditionally defective 
alleles in these genes have helped to assign their function 
and to elucidate interactions among their protein products. 
Temperature-sensitive alleles of PAP1, coding for yeast 
poly(A) polymerase, are synergistically lethal with temper- 
ature-sensitive alleles of RNA14 and RNA15 (Minvielle- 
Sebastia et al., 1994). 
Extracts from temperature-sensitive RNA14 or RNA15 
mutant cells are deficient in the cleavage of pre-mRNA in 
vitro and in specific polyadenylation of precleaved sub- 
strates (Minvielle-Sebastia et al., 1994), indicating that 
the affected proteins are involved in both steps of the 
3'-processing reaction. Since CF I is the only factor needed 
in both steps, the products of the RNA14 and the RNA15 
gene were assumed to be subunits of CF I. This was con- 
firmed by in vitro complementation of mutant extracts and 
by cofractionation studies. 
With the help of the poly(A) polymerase gene as a bait 
Cell 
832 
for finding interacting proteins in the GAL4 two-hybrid sys- 
tem, a novel gene, FIP1 (for factor interacting with poly[A] 
polymerase), has recently been identified (Preker et al., 
1995; see Table 1) and was demonstrated by in vitro com- 
plementation and cofractionation studies to be a compo- 
nent of PF I. In contrast with rna14 or rna15 mutant ex- 
tracts, fipl mutant extracts have normal pre-mRNA 
cleavage activity, but are deficient in polyadenylation. 
FIP1 protein has been shown to interact both with poly(A) 
polymerase (with which it forms a 1:1 complex in vitro) 
and with RNA14 protein (Preker et al., 1995). These results 
suggest a model for the yeast polyadenylation step where 
PF I acts as a tethering factor that forms a bridge among 
CF I bound to the pre-mRNA via the RNA-binding domain 
of its RNA15 subunit, the RNA14 component of CF I, and 
poly(A) polymerase. In the mammalian system, no such 
tethering factor is required, since CPSF can presumably 
directly bind to poly(A) polymerase. 
Among the cloned genes coding for 3'-end processing 
components in mammalian cells and in yeast, poly(A) poly- 
merase has the highest sequence homology (47% through 
its N-terminal 450 amino acids; see Wahle and Keller, 
1992). The homology (24%) between the 77 kDa subunit 
of CstF and RNA14 reported by Takagaki and Manley 
(1994) is low but probably significant. The RNA-binding 
domains of the 64 kDa subunit of CstF and the RNA15 
protein are similar (42.5% identity; Takagaki and Manley, 
1994). However, the similarity is limited to the RNA-binding 
domains. This similarity may be a reflection of the fact that 
both factors preferentially bind to U-rich RNA signals and 
therefore have closely related RNA-binding domains. Re- 
combinant RNA15 protein has a strong affinity to poly(U) 
in vitro (Minvielle-Sebastia, 1992). Nevertheless, the se- 
quence similarity of CstF and yeast CF I is surprising, since 
the two factors serve different functions in 3' processing. 
Because yeast CF I is involved in both reaction steps, it 
functionally resembles mammalian CPSF. Perhaps, yeast 
CF I combines the properties of the separate mammalian 
factors CPSF and CstF in a single heteromeric complex. 
Definitive clarification of these relationships has to await 
the complete purification and cloning of all the correspond- 
ing components. 
In addition to the genes described above, another gene, 
REF2, encodes a protein that stimulates the cleavage reac- 
tion, particularly of pre-mRNAs with inefficient 3'-processing 
signals (Russnak et al., 1995). However, REF2 is not an 
essential gene, and therefore, its product is probably not 
a component of the basic yeast 3'-processing apparatus. 
The in vivo phenotypes of temperature-sensitive mu- 
tants in all the essential genes (PAP1, RNA14, RNA15, 
and FIP1) are very similar: shift to the restrictive tempera- 
ture leads to the disappearance of the total poly(A) ÷ mRNA 
population. Analysis of the poly(A) tail length of the mRNA 
population shows a rapid disappearance of the poly(A) 
tails (Minvielle-Sebastia et ai., 1991, 1994; Preker et al., 
1995). A simple interpretation of this phenotype is that by 
blocking 3' processing, the newly made defective mRNAs 
become unstable. This indicates that one function of the 
poly(A) tails is to confer stability to mRNA. One of the early 
events of normal mRNA turnover is the removal of the 
poly(A) tail (reviewed by Sachs and Wahle, 1993; Beelman 
and Parker, 1995). Poly(A) tails have additional physiologi- 
cal functions, in particular in regulating the efficiency of 
translation (reviewed by Jackson and Standart, 1990). Re- 
cent highlights in this area are the reports of controlled 
m RNA polyadenylation leading to the specific translational 
activation of bicoid mRNA in Drosophila development (Sai- 
l ,s et al., 1994) and of c-mos mRNA in frog oocyte matura- 
tion (Sheets et al., 1995). These results underscore the 
important roles played by the mRNA poly(A) tails in all 
eukaryotic cells. It therefore does not come as much of a 
surprise that even bacteria are using polyadenylation of 
RNAs to regulate gene expression (reviewed by Cohen, 
1995). 
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